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The primary objective of the work described in this thesis was to
synthesize and characterize a spin-labeled analog of vitamin B5. The
spin-labeled analog was used to study the pyridoxal 5'-phosphate (PIP)
binding sites as a function of pH. The analog was found to be homogenous
by thin layer chromatography. Fructose 1,6-bisphosphatase showed no
significant loss of activity upon binding of the analog following
reduction with sodium borohydride. The correlation times of the spin-
labeled PIP + enzyme complex decrease with an increase in pH. This
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INTRODUCTION
Valuable quantitative information can be obtained about the chemical
nature and functional role of amino acid residues in an enzyme's binding
sites by introducing a coenzyme analogue which carries a "reporter"
group to its immediate surroundings. This role can be played by a spin-
label, e.g., an iminoxyl radical. The electron spin resonance (ESR)
spectrum of a spin-label is sensitive to its mobility (1) and thus when
attached to a coenzyme can provide an adequate approach to the investiga¬
tions of binding sites of some enzymes (2).
In addition, a spin-label (whether covalently or non-covalently bound)
provides a paramagnetic center which can interact with other species, e.g.,
another paramagnetic center such as Mn^"*", or the ligand nuclei (3) . These
interactions can be detected by ESR studies. A further advantage of spin-
label probes is the inherent sensitivity of the ESR technique; concentra¬
tions of 10 pM label provide easily measurable signals.
Fructose 1,6-bisphosphatase (FbPase) catalyzes an essential step in
gluconeogenesis in higher organisms (4) as well as in bacteria (5). The
FbPases purified from various sources have been shown to be highly speci¬
fic for fructose 1,6-bisphosphate (FbP)(6,7) and to require either Mg^^ or
Mn^'*' for catalytic activity. They are specifically inhibited by adenosine
5'-monophosphate (AMP)(8,9) and this inhibition appears to be allosteric
in nature (10,11). There is evidence that rabbit liver FbPase is composed
of at least four subunits and contains four binding sites for FbP (12) and
AMP (13). Rabbit liver FbPase will bind reversibly approximately 8 equiva¬
lents of pyridoxal 5'-phosphate (PIP) per mole. Rabbit liver and kidney
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FbPases were found to be affected by PIP. However, in spite of the anti¬
genic similarities between these two enzymes (14), there are significant
differences in their behavior toward PIP. Our goal was to perform ESR
studies on the effect of PIP on turkey liver FbPase.
In this work, the following vitamin analogue was used:
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It is known that is specific and does not interact with FbPase, being
bound in the positions corresponding to pyridoxal 5'-phosphate (PIP).
Pyridoxal 5'-phosphate has been found to bind at the lysine amino acid
residues of FbPase (15). This vitamin Bg analogue has been used to study
binding sites in FbPase purified from turkey liver.
LITERATURE REVIEW
Spin-Labeling--A Reporter Group Technique
The concept of labeling a biological system with some external probe
molecule was termed the "reporter group" technique by Burr and Koshland
(16). The requirements of such a group are:
(1) It must be some environmentally sensitive moiety that can
be introduced into specific centers of the system of
interest and it must subsequently "report" changes in its
environment to an appropriate detector.
(2) The physical properties of the reporter group that are
detected must be either unique or distinct from the proper¬
ties of the system under investigation.
(3) An additional requirement of any reporter group must be that
the biological system suffer little or no perturbation(s)
in its structure and function as a result of the incorpora¬
tion of the probe.
By virtue of the relatively low content of stable paramagnetic species
in biological materials, an ESR-sensitive reporter group will usually be
physically distinct from the rest of the system. An ideal spin-label is a
stable (organic) free radical of a structure and/or reactivity that facili¬
tates its introduction to a specific target site in a biological system or
macromolecule. While this objective might at first seem easily obtainable,
most spin labels used at present have been protected nitroxide radicals
whose syntheses were achieved only recently in the chronological develop¬
ment of organic chemistry (17-19).
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Although spin-labeling generally refers to the use of nitroxide
radicals, other examples, such as nitric oxide, Mn^'^, other paramagnetic
transition metal ions, lanthanide ions, and a few other organic radicals,
have been used as probes of specific environments. For example, the
chlorpromazine radical cation was demonstrated to be an accurate reporter
of DNA intercalation geometry (20), However, due to the great versatility,
sensitivity, and wealth of information derived from nitroxide free radicals,
this class of molecules has found the greatest use in spin-label applica¬
tions. A properly designed spin-label may be sensitive to several aspects
of its physiochemical environment: molecular motion, orientation, and
local electric and magnetic fields.
Spin-Labeled Derivatives of Vitamin Bg
A number of spin-labeled derivatives of vitamin B5 have been synthe¬
sized (21). These five spin-labeled derivatives are shown in scheme I.
These derivatives were used by the investigators to gather informa¬
tion regarding the active center of the phosphopyridoxal enzyme L-aspar-
tate a-ketoglutarate amino transferase.
Function of Vitamins of the B6 Group
Vitamins of the B^ group, which function as a cofactor of many ni¬
trogen exchange enzymes, play an important role in the metabolism of
amino acids (22). Definite information regarding the structure of the
active center of phosphopyridoxal enzyme can be obtained by using vitamin
B5 derivatives.
In principle, PIP functions as a carrier of amino groups or, in
some cases, amino acids (21). The key to its action is its aldehyde
































ammonia or various amines. During its catalytic cycle in transaminases,
the coenzyme undergoes reversible transitions between its free aldehyde
form, PIP, and its aminated form, pyridoxamine phosphate. This cycle
occurs in two stages (see diagram below):
(1) The PlP-enzyme complex accepts an amino group donor, with
formation of the pyridoxamine phosphate-enzyme complex;
this occurs via two intermediate Schiff's bases.
(2) The pyridoxamine phosphate-enzyme complex forms a Schiff's
base with the incoming amino group acceptor, the base a-
keto acid, to which the amino group is then donated. There
is now strong experimental evidence that the aldehyde group
of the pyridoxal phosphate forms a Schiff's base with the
a-amino group of a specific lysine residue of the enzyme
protein whenever it is not occupied by an amino group arising
from a substrate.
R2CHNH2C00H + N= c—©
COOH H
a-amino Pyridoxal Schiff's base I
acid]^ phosphate
enzyme
R^_ C =N—CH2-€)^?H2N—CH2—© + R^—C—COOH
COOH 0





a-keto acid2 Pyridoxamine Schiff's base III
phosphate enzyme
R^—CH—N=C—©;^ 0=C— © + R2CHNH2COOH
COOH H H
Schiff's base IV Pyridoxal a-amino acid2
phosphate
enzyme
The transaminase-pyridoxal phosphate complex is represented by
© — C — H.
II
0
Function of Fructose 1,6-Bisphosphatase
Fructose 1,6-bisphosphatase plays an important role in carbohydrate
metabolism by hydrolyzing FbP to fructose 6-phosphate and orthophosphate
(23). This important pathway in carbohydrate metabolism is known as
gluconeogenesis.
FbPase regulates the rate of formation of glucose from pyruvate and
phosphoenolypyruvate, this being one of the three control steps in
gluconeogenesis.
Preventive Inhibition of FbPase Activity by PIP
The recent introduction of PIP as a specific protein reagent, as
demonstrated by the specific modification of a few e-amino lysyl residues
of a number of enzymes (24,25), suggests the involvement of amino groups
in the allosteric AMP inhibition of FbPase, It has been found that the
treatment of purified pig kidney fructose 1,6-bisphosphatase with in¬
creasing concentrations of PIP followed by reduction of sodium borohydride
leads to the formation of an active pyridoxamine phosphate derivative of
the enzyme. The enzyme containing approximately four moles of pyridoxyl
phosphate per mole of fructose 1,6-bisphosphatase is no longer sensitive
to either the allosteric AMP inhibition or to the high substrate inhibition
&
characteristic of most fructose 1,6-bisphosphatases (26).
Calculation of the Rotational Correlation Time (tR)
of the Spin-Label
The following equations and expressions were used by I. D. Campbell,
^ a^. (3). A nitroxide label consists of three lines -- M=l, M=0, and
M=-1 for the nuclear spin quantum states, the line at lowest field
corresponding to the M=1 state.
I
The lines are of unequal widths, the inequality being a measure of
the anistropies of the hyperfine interaction and of the g value.




The above equation may be rearranged to give
T2 (0) 4Tb • AyHq • T2(0)M Tb^ ’ T2(0)M^
= 1- + (Eq.2)
T2 (M) 15 8
putting in M = ±1 it turns out that




which is an expression which involves only the linear terms, in M. On
the other hand
T2(0) T2(0) 2Tb^ • T2(0)
+ = 2 + (Eq.4)
T2C-I) T2(1) 8
involves the addition of the quadratic terms in M. The experimental values
for T2(0)/T2(±1) are obtained from the square root of the ratios of the
heights of the experimental derivative curves.
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Definition of terms and units.--A measure of the anistropy of the g
value is Ay.
Ay = -(B/h)(g22-%(g^^+gyy)) s-^G-l (Eq.5)
where g^^ is the value of g along the z axis.
A measure of the anistropy of the hyperfine interaction is
4 ,
b = _ (A-B)s“-‘-, A is the hyperfine coupling constant in along the
z axis and B is that along the x or y axis (since axial symmetry is
assumed for the nitroxide label). In general, the values of A and B are
influenced by the polarity of the solvent. T2 is the line width and is
given by
= Ay-TT- /I • 2 • 8xl0^s-l (Eq.6)
The peak to peak separation in gauss is Ay and Hq is the magnetic field
in gauss.
Values of parameters used to calculate the rotational correlation time.—
One gauss is assumed to be equivalent to a line width of 2.8
mHz, h=1.054xl0"27erg-s, B=0.927xl0"27erg-G“^, g^^=2.0027, gxx=2.0089,
gyy=2.0061, A=87inHz, B=14mHz, b=3.ObxlO^rad-s”!, and Ay=4.22x10^s-1g"1.
EXPERIMENTAL
Materials
FbPase was supplied by Dr. Peter Han. Pyridoxal 5'-phosphate mag¬
nesium salt, pyridoxal 5'-phosphate (PIP), sodium borohydride, DEAE-
cellulose, and hydroxylamine hydrochloride were purchased from Sigma
Chemical Company, St. Louis, Missouri. Pyridine, octyl alcohol, cyclo¬
hexane, ammonium bicarbonate, ethanol, hydrochloric acid, sodium hydroxide,
and ferric chloride were purchased from Fisher Scientific Company.
Dicyclohexylcarbodiimide (DCC) was purchased from Eastman Organic Chemicals,
Rochester, New York. Phosphorus pentoxide was purchased from Baker Chemical
Company. The spin-label, 3-carboxy-2,2,5,5-tetra-methyl-l-pyrrolidinyloxyl,
was purchased from Synvar, Palo Alto, California.
Methods
Synthesis.--Synthesis of the PIP derivative was accomplished by the reac¬
tion of pyridoxal 5'-phosphate and 3-carboxy-2,2,5,5-tetramethyl-l-
pyrrolidinyloxyl in anhydrous pyridine containing dicyclohexycarbidiimide
by the method described by Mischarrin, Polyanousky, and Timofeev (27).
Pyridoxal 5'-phosphate (magnesium salt, 79 mg, 0.000294 ni) was suspended in
15 ml of anhydrous pyridine. The solution was evaporated to dryness 5
times on a rotary evaporator. A solution of 50 mg (0.000294 m) of the
radical 3-carboxy-2,2,5,5-tetramethyl-l-pyrrolidinyloxyl in 10 ml dry
pyridine and 10% excess dicyclohexylcarbodiimide was added to the suspen¬
sion. The mixture was stirred at 25° in darkness for 4 days, an equal
volume of water was added and the mixture again mixed for 2 days. The
precipitated dicycyclohexylurea was filtered using 5.5 cm filter paper
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and washed with water. The filtrate was added to the mixture which was
then washed 5 times with cyclohexane. The mixture was evaporated to 10 ml,
diluted to 1000 ml with water, pH adjusted to 6.0 with 0.1 N HCl and
placed on a DEAE-cellulose column.
The coenzyme derivative was absorbed on a column of DEAE-cellulose
(1.7 X 40 cm), equilibrated with 0.001 M solution of NH4HCO2 (pH 7.8).
The fractions were eluted with a linear gradient of a solution of NH4HCO3
(0.01 0.06m). The rate of elution was 20 ml/hr. In each fraction the
absorption at 385 nm was determined. The column showed 2 visible bands
and the fractions containing compound were combined, evaporated to 5 ml,
tested for ESR signal, then dried over P2O5 at 30° (yield O.OlSg). The
substance was chromatographically homogeneous.
Reduction with sodium borohydride.--The method employed by Krulwich, Enser,
and Horecker (28) was used. The solution (1 mg enzyme protein in 1 ml) was
incubated at 25° with 2 mM PIP for 60 min in 10 mM Tris-HCl buffer, pH 7.5.
The solution was cooled to 0° and the pH adjusted to 6.5 by the addition
of 1 M acetic acid and treated with a drop of octyl alcohol followed by a
freshly prepared solution of sodium borohydride in 0.1 sodium hydroxide
in a 10-fold excess over the amount of PIP. During the addition of boro¬
hydride the solution was stirred and the pH was maintained at 6.5 by the
addition of 1 M acetic acid. Stirring was continued for 15 min, after
which the solution was dialyzed exhaustively against distilled water.
Assay system.--The activity of FbPase after reduction with sodiiam borohy¬
dride was determined spectrophotometrically by following the rate of NADP"^
to NADPH at 340 nm in the presence of glucose 6-phosphate dehydrogenase
and excess phosphohexoisomerase. A Hitachi 191 digital spectrophotometer.
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equipped with kinetic timer, digital drum printer and a temperature con¬
trolled cell chamber, was used.
In a 1 cm cell, the standard reaction mixture contained 0.1 mM NADP^,
2 units of phosphoglucose isomerase, and an appropriate aliquot of reduced
FbPase in a final volume of 1 ml. After an initial incubation of the
reaction mixture for 6 min in the cell chamber, reactions were initiated
by the addition of FbP. One unit of enzyme is defined as the amount
required to catalyze the hydrolysis of 1 mole of FbP per min. Specific
activity is defined as units per mg of protein.
Recording of the spectra.—The absorption spectra were recorded on a Cary
17 UV-Vis spectrophotometer in a 1 cm cuvette. The ESR spectra were
recorded on a E-3 ESR spectrophotometer in an aqueous sample cell containing
samples with a volume of 0.4 ml.
Thin-layer chromatography.--For thin-layer chromatography, silica gel and
cellulose plates were used. The chromatography was conducted in the system:
n-butanol; ethanol: 5% NH4OH: CH3COOH (10:10:10:1).
RESULTS
Characterization of PIP Derivative
Effects of pH on derivative.—As shown in Table I, the spectral properties
of PIP and the derivative at pH 2.0, 7.5, and 12.0 are very similar. This
indicates that the ionic forms of the PIP have not been affected by the
attachment of the nitroxide free radical.




pH 7.5 (50 mM)





Pyridoxal 5'-phosphate 283 nM (4063) 328 nM (2891) 315 nM (1919).
388 nM (5625) 390 nM (2528)
Vitamin B^ Derivative 293 nM (4531) 325 nM (3516) 302 nM (1953)
385 nM (4844) 388 nM (4531)
Infrared spectra of derivative.—The infrared spectra was run as a KBr
wafer on a Beckman 4240 Infrared Spectrophotometer. The spectrum showed
at 1735 cm"^ a strong band characteristic of carboxylic esters. The spec¬
tra also showed in the region from 4000-3000 cm"^ the absence of 0-H
stretch which verifies that the nitroxide free radical has been bound at
the hydroxy group on the pyridine ring of PIP.
Electron spin resonance spectra of derivative.—The ESR spectra were run on
a Varian E-3 ESR spectrophotometer operating at 9.5-ilnHz. The spectra of
13
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the free spin-label is shown in Fig. 1. The result obtained from the
calculation of the rotational correlation time (tR=0.0422^5) indicates
a typical isotropic rotation of the nitroxide free radical. The rotational
correlation time is a measure of the time required for the molecule to
reorientate itself in space. The value of 0.3130 ns calculated for the
spin-labeled derivative of PIP (Fig. 2) suggests that the spin label is no
longer as free to rotate as rapidly as the unattached spin-label due to
its attachment on PIP.
The reduced PIP treated enzyme complex.--Since enzyme treated with PIP
rapidly reverts to the native form upon dilution, stabilization of the
PlP-treated enzyme complex and its derivative by reduction with sodium
borohydride was necessary for an accurate determination of activity. The
reduced complexes had an absorption maximum at 325 nm as shown for the
turkey liver enzyme in Figs. 3 and 4. This absorption maximum at 325 nm
is characteristic of the reduced PIP Schiff base (15). The activity of
the reduced PlP-treated enzyme complex and its derivative showed no
significant loss of activity in the absence of AMP.
Effect of pH on the reduced PIP derivative enzyme complex.--The reduced
PIP derivative enzyme complex was studied as a function of pH. The pH
values under investigation are 7.5, 8.5, and 9.5. The corresponding ESR
spectra at these pH values are shown in Figs. 5, 6, and 7. The ESR spec¬
trum of the complex at pH 7.5 showed the broad line spectrum of a slightly
immobilized nitroxide. Analysis of the ESR spectrum shows that the hyper-
fine coupling constant of the spin-labeled PIP enzyme complex (17.0 gauss)
is about the same as that of the free label (16.8 gauss). This suggests
that the polarity of the environment of the spin-label is almost unchanged
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Fig. 1. The Electron Spin Resonance Spectrum of Free Spin-Label
3-Carboxy-2,2,5,5—tetramethyl-l-pyrrolidinyloxyl (100 pM)
in 50 mM Tris-HCl Buffer at pH 7.5. Temperature was 25°.
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Fig. 2. the Electron Spin Resonance Spectrum of Spin-Labeled
PIP (100 pM) in Buffer. Conditions are the same as in
Fig. 1.
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Fig. 3. The Absorption Spectrum of the Reduced PIP Liver Enzyme
Complex. The enzyme was reduced as described under
"Materials” and "Methods."
250 260 270 280 290 300 310 320 330 340 350 360 370 380 390 400
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Fig. 4. The Absorption Spectrum of the Reduced Spin-Labeled PIP
Liver Enzyme Complex. The enzyme was reduced as described
under "Materials" and "Methods."
WAVELENGTH nm
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Fig. 5. The Electron Spin Resonance Spectrum of Spin-Labeled PIP
+ FbPase. The mixture consisted of enzyme (1 mg per ml)
with 100 pM PIP in 50 mM Tris-HCl buffer at pH 7.5.
Temperature was 25°.
MAGNETIC FIELD IN GAUSS
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Fig. 6. The Electron Spin Resonance Spectrum of Spin-Labeled PIP
+ FbPase. The mixture consisted of enzyme (1 mg per ml)
with 100 yM PIP in 50 mM Tris-HCl buffer at pH 8.5.
Temperature was 25°.
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Fig. 7. The Electron Spin Resonance Spectrum of Spin-Labeled PIP
+ FbPase. The mixture consisted of enzyme (1 mg per ml)
with 100 pM PIP in 50 mM Tris-HCl buffer at pH 9.5,
Temperature was 25°.
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29
upon binding to the enzyme. This, along with the value calculated for
of 1.8316 ns for the reduced PIP derivative enzyme complex at pH 7.5
when compared to 0.3130 ns calculated for the rotational time of the PIP
derivative at the same pH, indicates that the PIP is bound on the surface
of the enzyme and held in a slightly immobilized state. However, when the
pH of the enzyme is raised to 8.5 the ESR gives a more narrow line
spectrum for the nitroxide (Fig. 6). The values of shown in Table II
of the complex at pH 8.5 and 9.5 also indicate a slightly less immobilized,
non-covalently bound spin-label.
Table II. Correlation Times for a Spin-Labeled Derivative of Vitamin 85
Sample
Linear Term Quadratic Term
Free Spin-Label
Spin-Labeled PIP
Spin-Labeled PIP + FbPase (pH 7.5)
Spin-Labeled PIP + FbPase (pH 8.5)
Spin-Labeled PIP + FbPase (pH 9.5)
0.0874 ns 0.0422 ns
0.4168 ns 0.3130 ns
1.6838 ns 1.8316 ns
1.4465 ns 1.4410 ns
0.8529 ns 0.8498 ns
The correlation times (Xj^) were calculated by the method of I. Campbell
et al. (3).
DISCUSSION
Pyridoxal 5'-phosphate has been spin-labeled at the hydroxy position
of the pyridine ring using 3-carboxy-2,2,5,5-tetramethyI-I-pyrroIidinyIoxyI.
It has been found to bind at the site of the inhibitor of AMP on the
enzyme, FbPase. In the interaction of FbPase with the synthetic analog
a positive band appears at 325 nm, serving as evidence of the binding of
the compound at the lysine amino acid residues in the inhibitory site.
The enzyme showed no significant loss of activity upon binding of the
derivative. This indicates that the modification does not affect the bind¬
ing of the PIP at the inhibitory site and also does not affect the cataly¬
tic activity of the enzyme. In these cases the OH group must play a very
minor role, if any at all, due to its replacement by the spin-label.
The spin-labeled derivative was found to be an ideal reporter group.
It forms a Schiff base with FbPase in the same manner as PIP. Since the
spin-label is bound on the PIP instead of at the lysine residues of FbPase
it has a considerable amount of mobility. It can, however, be used to
provide a more direct probe of the conformational state of the enzyme as
a function of pH.
Pyridoxal 5'-phosphate has been found to protect FbPase against the
effects of AMP; this protection suggests that PIP is bound at the AMP
binding site or some interacting site. The changes in the ESR spectrum
of the label as the pH of the enzyme is increased results from changes
in the mobility of the label, i.e., from a conformational change about
the PIP binding site.
The ESR spectral changes that were observed are shown in Figures 5,
30
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6, and 7. These changes may be expressed as changes in the ratio of
resonance line amplitudes. For these experiments the ratio of the heights
of the experimental derivative curves were used to calculate the correla¬
tion rotational times. Results obtained in this manner indicated that
there is an unfolding about the PIP binding site that increases Tj^ from
pH 7.5 to 8.5 at about 0.3906 ns and from pH 8.5 to 9.5 at 0.6912 ns.
Rumph (29) and Burkes (30) have performed similar studies on the
effects of pH on secondary structure by Circular Dichroism. Their re¬
sults also indicated a change in conformational state as a function of pH.
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